Receptor dimerization is the key signaling event for many cytokines, including erythropoietin. A system has been recently developed that permits intracellular protein dimerization to be reversibly activated in response to a lipid-soluble dimeric form of the drug FK506, called FK1012. FK1012 is used as a pharmacological mediator of dimerization to bring together FK506 binding domains, taken from the endogenous protein FKBP12. In experiments reported herein, FK1012-induced dimerization of a fusion protein containing the intracellular portion of the erythropoietin receptor allowed cells normally dependent on interleukin 3 to proliferate in its absence. FK506 competitively reversed the proliferative effect of FK1012 but had no inf luence on the proliferative effect of interleukin 3. Signaling pathways activated by FK1012 mimicked those activated by erythropoietin, because both JAK2 and STAT5 were phosphorylated in response to FK1012. This approach may provide a means to specifically and reversibly stimulate the proliferation of genetically modified cell populations in vitro or in vivo.
A major obstacle to the success of gene therapy for inherited blood-cell disorders is the extremely low efficiency of stem cell transduction using currently available gene delivery systems (1, 2). A strategy for increasing the frequency of modified stem cells is to specifically direct their preferential expansion through selection. The basis for selection is provided by bicistronic vectors in which the nonselectable therapeutic gene is linked to a second gene encoding a selectable product. Selection is then applied either ex vivo (3, 4) or, if a clinically tolerable strategy for selection were devised, repeated cycles of selection could be applied in vivo (5) .
Current strategies for in vivo selection involve the transfer of a gene conferring drug resistance, followed by the subsequent administration of the corresponding cytotoxic drug in vivo (5) . This approach is limited by the nonhematological toxicities of the drugs and by the resistance of normal hematopoietic stem cells and progenitors to killing by many cytotoxic agents (6, 7) . An alternative approach would be to confer a direct proliferative advantage to the genetically modified cells relative to their nontransduced counterparts. The practical application of this strategy would require that the proliferative stimulus (i) be restricted to the genetically modified population and (ii) be completely reversible.
Cytokines drive hematopoietic cell proliferation; their effects are mediated via ligand-specific surface membrane receptors. Many members of the cytokine receptor superfamily are composed of multiple subunits; however, the receptors for erythropoietin, granulocyte colony-stimulating factor, thrombopoietin, prolactin, and growth hormone consist of single chains that are activated through ligand-mediated homodimerization (8) . A system has been recently developed that permits intracellular protein dimerization to be reversibly activated in response to a lipid-soluble dimeric form of the drug FK506, called FK1012 (9) (10) (11) (12) (13) (14) . FK1012 is used as a pharmacological mediator of dimerization to bring together two FK506 binding domains that are taken from the endogenous protein FKBP12. Thus, fusion proteins consisting of a cytokine receptor signaling domain linked to an FKBP12 domain may be dimerized and thereby activated with FK1012 (9) .
Among the best characterized of the cytokine receptors is the receptor for erythropoietin (15) . Much of what is known about the function of the erythropoietin receptor (EpoR) has been deduced from studies in transfected interleukin 3 (IL-3)-dependent murine cell lines (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . Ectopic expression of a functional EpoR frees these cells from the requirement for IL-3 if erythropoietin is provided. In aggregate, these studies have suggested that mitogenic signaling is mediated through the membrane-proximal portion of the EpoR cytoplasmic domain (17) (18) (19) , in a region containing docking sites for the Janus family kinase JAK2 (21) and the signal transducer and activator of transcription STAT5 (26, 27) .
Studies were performed to determine whether EpoRmediated proliferative signaling could be stimulated in the IL-3-dependent murine cell line Ba͞F3, by using FK1012. Results demonstrate that Ba͞F3 cells expressing a membranetargeted chimeric protein containing the intracellular domain of the EpoR linked to the FK506 binding domain of FKBP12 are capable of FK1012-dependent proliferation in the absence of IL-3. To our knowledge, these results provide the first example of cell proliferation that is dependent on a synthetic drug. In the context of the proper signaling molecule, a similar approach may have applications for gene therapy.
Electroporation. Ba͞F3 cells (a gift of K. Kaushansky) were maintained in RPMI 1640 medium supplemented with glutamine, pyruvate, penicillin, streptomycin, 10% fetal calf serum, and 10% WEHI conditioned medium. Cells were split 1:2 on the day prior to transfection. Electroporations were performed essentially as described (22) , with modifications. Briefly, 1 ϫ 10 7 cells in 0.8 ml of phosphate-buffered saline (PBS) were mixed with 20 g of nonlinearized test plasmid and 5 g of the plasmid pMC1Neo (Stratagene). Electroporation was performed with the Bio-Rad GenePulser apparatus using settings of 350 V and 960 F. After 48 h, cells were plated at limiting dilution in 96-well plates using RPMI with the above components plus G418 (700 mg͞ml of active compound). Clones were expanded and maintained in G418 and WEHIcontaining medium until analysis.
Western Blotting Analysis. Cells were washed twice with PBS then approximately 1 ϫ 10 6 cells were lysed in 100 l of 50 mM Tris⅐HCl, pH 8͞150 mM NaCl͞1% Nonidet P-40͞0.5% deoxycholate͞0.1% SDS and placed on ice for 30 min before freezing. Cleared supernatant was assayed for protein content by using a Bradford assay (Bio-Rad) and equal amounts of protein were used for analysis. Lysates were boiled for 5 min in sample buffer containing 50 mM Tris⅐HCl, pH 6.8͞1% 2-mercaptoethanol͞1% SDS͞10% glycerol immediately prior to loading and size-fractionated by electrophoresis through 7.5% polyacrylamide gels (30) . After electrotransfer to nitrocelluose (Schleicher & Schuell, 0.45-m pore size) blots were incubated with mAb HA.11 (Berkeley Antibody, Richmond, CA) and then with goat anti-mouse IgG horseradish peroxidase (Bio-Rad). Proteins were detected after a 10-sec exposure to x-ray film with ECL reagents (Amersham).
Immunoprecipitation Assay. Polyclonal rabbit antisera against JAK2 and mAb against phosphotyrosine (4G10) were purchased from Upstate Biotechnology. Polyclonal rabbit antisera specific for STAT5B (31) was a generous gift of Chris Saris (Amgen, Thousand Oaks, CA). Cell lines were incubated at 37ЊC in serum-free cytokine-free medium for 16 h and then stimulated for 20 min with 100 nM FK1012 or recombinant human erythropoietin at 10 units͞ml (a gift of Ortho Pharmaceuticals). The reaction was stopped by adding ice-cold PBS and washing the cells twice at 4ЊC. Protein lysates were prepared by solubilization in Triton X-100 as described (32) . Protein concentration was determined by using the Protein͞DC assay (Bio-Rad) to assure equal amounts of protein per lysate (500 g per immunoprecipitation). Lysates were diluted 1:5 with additional lysis buffer, and then JAK2 or STAT5B antisera were added (3 l of crude antisera per 500 g of total protein). After a 2-h incubation at 4ЊC, immune complexes were collected by adding 20 l of protein ASepharose beads (Santa Cruz Biotechnology) and incubating on a rocker at 4ЊC for 1 h. Beads were washed three times in lysis buffer and then boiled in sample buffer containing (final concentrations) 62.5 mM Tris⅐HCl (pH 6.8), 1% 2-mercaptoethanol, 1% SDS, and 10% glycerol. Immunoprecipitated proteins were separated on a 7.5% acrylamide gel. The blot was probed with anti-phosphotyrosine antibody (1:2000 dilution) for 2 h and a goat anti-mouse coupled to horseradish peroxidase (1:5000 dilution) for 1 h. Proteins were detected by ECL as described above.
Cell Proliferation Assay. Ba͞F3 cells were washed twice with PBS and cultured for approximately 14 h in WEHI-and G418-deficient medium. On the next morning, medium was exchanged and live cells were counted. Approximately 1 ϫ 10 4 cells per well were plated in 96-well plates and medium containing either WEHI or FK1012 was added to a final volume of 100 l. FK1012, previously designated FK1012A (9), was a gift of S. Schreiber. Plates were incubated at 37ЊC in 5% CO 2 ͞95% air for 40 h, and then 25 l of a solution of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) (Sigma) at 5 mg͞ml was added to each well. After thorough mixing, cells were incubated for an additional 5 h at 37ЊC with 5% CO 2 ͞95% air, then 100 l of lysis buffer (20% SDS͞40% dimethylformamide͞2% glacial acetic acid, pH 4.7) was added, and plates were incubated at 37ЊC for an additional 2 h prior to assay. OD 570 -630 value was determined with an ELISA plate reader.
RESULTS
Development of an FK1012-Dependent Cell Line. Studies were performed to determine whether genetically modified cells can be induced to proliferate with FK1012. To test the feasibility of this approach, the construct F3EpoR236 was produced by inserting the cytoplasmic domain of the murine EpoR into the SalI site of the plasmid F3, previously designated pMFpk3E (9, 12) (Fig. 1 ). F3EpoR236 encodes a chimeric protein containing a 14-amino acid myristylationtargeting domain from c-Src (33) to direct localization to the inner surface of the cell membrane, three copies of the 107-amino acid FKBP12 (34) to bind the drug FK506, the entire 236-amino acid intracellular domain of the EpoR (15), and a 9-amino acid influenza hemagglutinin epitope tag (35) to allow detection of the recombinant protein by Western blot analysis.
Ba͞F3 cells are an IL-3-dependent murine pro-B-cell line (36) . Ectopic expression of a functional EpoR releases these cells from the requirement for IL-3 if erythropoietin is provided (16) . Experiments were performed to determine whether Ba͞F3 cells expressing the F3EpoR236 fusion protein could, after withdrawal of IL-3, be rescued by FK1012.
Ba͞F3 cells were cotransfected with F3EpoR236 and a plasmid encoding neomycin phosphotransferase. G418-resistant clones were expanded and evaluated for expression of the chimeric protein by Western blot analysis. Twenty-eight clones were analyzed and 1 clone (clone 26) expressed high levels of the chimeric protein ( Fig. 2A) . The growth characteristics of this clone in response to IL-3 or FK1012 were tested in a colorimetric cell proliferation assay. As seen in Fig. 2B , proliferation did not occur in the absence of IL-3-containing WEHI conditioned medium, demonstrating that expression of FIG. 1. Schematic representation of constructs. F3, previously designated pMFPK3E (12) , is a modified version of pMF3E (9) , where the FKBP12 domain has been modified to contain the mutations G89P and I90K (12) . Murine EpoR sequences encode either the full-length 236-amino acid cytoplasmic domain or the membrane-proximal 103-amino acid cytoplasmic domain. the F3EpoR236 construct did not produce factor-independent growth. As expected, WEHI conditioned medium stimulated cell proliferation in a concentration-dependent manner.
Proliferation assays were performed on the same cells in the absence of IL-3, but with the addition of FK1012 at concentrations ranging from 10 Ϫ2 to 10 4 nM. As shown in Fig. 2C , FK1012 exerted a concentration-dependent proliferative effect. Mitogenic responses were detectable at FK1012 concentrations as low as 1 nM and reached a maximum at concentrations of 100 nM. Higher concentrations of FK1012 were associated with lesser proliferative effects, possibly due to excessive occupancy of the FKBP12 sites by FK1012, thus preventing oligomerization͞dimerization of the fusion proteins. As shown in Fig. 2D , FK1012 allowed cells to be expanded in culture without IL-3. In contrast, cells grown in the absence of both FK1012 and IL-3 failed to expand and died over a period of several days. The reversible nature of FK1012's proliferative effect is shown in Fig. 2E . Cells initially grown in FK1012 underwent approximately two additional cycles of division after drug withdrawal. Nevertheless proliferation had ceased by day 5 after discontinuation of FK1012, and thereafter cell numbers slowly fell.
Two additional clones were isolated in an identical manner and produced similar results (Fig. 3) . To allow comparisons between the proliferative effects of FK1012 and WEHI conditioned medium, results shown in Fig. 3 indicate absorbance as a fraction of that obtained in parallel cell proliferation assays using 1% WEHI conditioned medium. As controls, Ba͞F3 cells were transfected with the construct F3, which does not contain the EpoR (Fig. 1) . Among 18 G418-resistant clones tested, 5 were found to express the chimeric protein by Western blot analysis at levels that matched or exceeded the expression of F3EpoR236 Ba͞F3 clone 26 ( Fig. 2 A and data not shown). All F3 clones remained IL-3-dependent; however, none of these clones was capable of proliferation in response to FK1012 (Fig. 3) .
FK506 Inhibits FK1012-Dependent Cell Proliferation. To confirm that FK1012 causes cell proliferation by bringing together individual chains of the chimeric receptor, competition assays were performed with the monomer FK506. FK506 would be expected to inhibit the proliferative effect of FK1012 by competing for binding to FKBP12 sites. In contrast, FK506 would be expected to have no effect on IL-3-mediated proliferative signaling. Results are shown in Fig. 4 . Ba͞F3 F3EpoR236 clone 26 cells demonstrated a proliferative response to FK1012 that reached a plateau at a drug concentration of 100 nM (Fig. 4A) . Proliferation observed at the concentration of 100 nM FK1012 was similar to that obtained with 0.5% WEHI conditioned medium (Fig. 4B ). In the presence of 100 nM FK1012, increasing concentrations of FK506 produced a dose-dependent inhibition of cell proliferation (Fig. 4C) . At equimolar concentrations of FK506, cell proliferation was reduced by more than 75%, and proliferation was completely abolished in the presence of a 10-fold molar excess of competing monomer. To exclude a nonspecific toxic effect of FK506, the same concentrations were evaluated in clone 26 cells grown in the presence of 0.5% WEHI conditioned medium (Fig. 4D) . In sharp contrast to its competitive inhibition of FK1012-dependent cell proliferation, FK506 had no effect on IL-3-mediated cell proliferation. These results confirm that FK1012-mediated aggregation of the chimeric receptor is required for proliferation.
A Truncated Form of the Erythropoietin Receptor Is Sufficient for FK1012-Dependent Proliferation. The membrane proximal portion of the EpoR cytoplasmic domain is sufficient for erythropoietin-stimulated proliferation (17-20, 25, 26) . This portion of the EpoR retains binding sites for JAK2 (21) and STAT5 (26, 27) . Four Ba͞F3 clones expressing fusion proteins encoded by the construct F3EpoR103, which contains only 103 amino acids of the membrane-proximal EpoR cytoplasmic domain (Fig. 1) were generated. As shown in Fig. 5A , FK1012 exerted a concentration-dependent proliferative effect in the absence of IL-3. In parallel comparisons with Ba͞F3 clones expressing F3EpoR236, which contains the entire EpoR cytoplasmic domain (Fig. 3) , no differences in sensitivity to FK1012 were observed.
FK1012 Stimulates Signaling Pathways That Are Characteristic of Erythropoietin-Mediated Receptor Activation.
Studies were performed to determine whether FK1012 activates erythropoietin-mediated signaling pathways. Binding of erythropoietin to its receptor induces tyrosine phosphorylation of the Janus kinase JAK2 (21) and the transcription factor STAT5 (26, 27) . In mice, STAT5 activity is encoded by two highly related chromosomally linked genes, designated STAT5A and STAT5B (37-39), both of which are tyrosinephosphorylated in response to erythropoietin (40) . Immunoprecipitation assays for JAK2 and STAT5B were performed with lysates from Ba͞F3 cell clones cultured in the presence or absence of FK1012. Blots were probed with an antiphosphotyrosine mAb. Two Ba͞F3 cell clones expressing F3EpoR236 and a single Ba͞F3 cell clone expressing F3EpoR103 were evaluated. Ba͞F3 cells expressing the fulllength EpoR (a gift of Alan D'Andrea, Harvard University) and exposed to recombinant human erythropoietin provided a positive control. Results are shown in Fig. 5B . As expected, in Ba͞F3 cells expressing the full-length EpoR, both JAK2 and STAT5B were tyrosine-phosphorylated in response to erythropoietin. In two Ba͞F3 cell clones expressing F3EpoR236, FK1012 activated the same signaling molecules: both JAK2 and STAT5B were tyrosine-phosphorylated. Truncation of the EpoR to 103 amino acids (F3EpoR103) had no effect on tyrosine phosphorylation of JAK2; however, tyrosine phosphorylation of STAT5 was sharply reduced. A potential explanation for this observation is that truncation of the EpoR to 103 amino acids eliminates one of two STAT5 binding sites (27) .
Receptor Dimerization Is Sufficient for Proliferative Signaling. The presence of three FKBP12 domains in the chimeric protein could allow FK1012 to stimulate proliferation either through dimerization of chimeric proteins or through the formation of higher-order oligomers. To distinguish between these possibilities, a construct was produced that contains the 236-amino acid EpoR linked to only a single copy of the FKBP12 domain (F1EpoR236) (Fig. 1) . Proliferative signaling by FK1012 in cells expressing this chimeric protein can only be caused by dimerization. As shown in Fig. 5C , four of five clones expressing this construct exhibited FK1012-dependent proliferation, although the magnitude of the proliferative response was less than in Ba͞F3 clones containing three copies of the FKBP12 domain (Figs. 3 and 5A) . These results confirm that receptor dimerization is sufficient for mitogenic signaling.
DISCUSSION
A vast array of cellular processes are governed by the interactions of proteins. A recently developed method allows interactions between specific intracellular proteins to be reversibly controlled, providing a means for directing intracellular protein trafficking (10) (11) (12) , stimulating receptor mediated signal transduction (9-12), or activating transcription (12) (13) (14) . This system provides a powerful new tool for studying intracellular processes (13) and may have novel therapeutic applications.
A theoretical means of compensating for the inefficiency of stem cell transduction is to impart upon the genetically modified cells a proliferative advantage relative to their unmodified FIG. 4 . FK506 competitively inhibits the proliferative effect of FK1012 but has no effect on IL-3-dependent proliferation. MTT assays were performed with a clonal population of Ba͞F3 cells expressing F3EpoR236 in the presence of increasing concentrations of FK1012 (A) or of 100 nM FK1012 and increasing concentrations of the competing monomer FK506 (B). IL-3-containing WEHI conditioned medium at the indicated concentrations produced similar levels of proliferation (C). However, in the presence of 0.5% WEHI conditioned medium, FK506 had no inhibitory effect on cell proliferation (D).
counterparts. To be effective, the proliferative stimulus must be specific for the transduced cell population; to be safe, it must be reversible. Experiments presented herein demonstrate that FK1012 can support the proliferation of transfected Ba͞F3 cells in the absence of IL-3. The proliferative effect is reversible: removal of FK1012 results in the extinction of mitogenic signaling over a period of several days (Fig. 2 E) . Furthermore, FK506 competitively inhibits FK1012-mediated proliferation (Fig. 4) . In the context of the proper signaling molecule, a similar approach may be envisioned as a method for reversibly immortalizing hematopoietic stem cells.
Although our studies show that FK1012 can mediate proliferation in a factor-dependent cell line, demonstrating a preferential proliferative effect in transduced primary cells in vivo may prove more difficult. In the system presented, withdrawal of IL-3 provides a strong selective pressure that is not reproducible in vivo. Whether FK1012 can provide a proliferative stimulus in transduced primary cells beyond that provided by a physiologic milieu of cytokines remains to be determined. Favorable features of this approach for in vivo applications are that FK1012 lacks the immunosuppressive effects of FK506 (9) and can be administered at biologically effective doses (41) .
FK1012 activated signaling pathways that are characteristic of a response to erythropoietin. JAK2 was activated in Ba͞F3 cells expressing fusion proteins containing either the fulllength or the truncated forms of the EpoR intracellular domain, consistent with retention of the box 1 and box 2 homologous regions within the membrane-proximal 103-amino acid fragment. STAT5 activation was observed in Ba͞F3 clones expressing chimeric proteins containing the full-length EpoR cytoplasmic domain; however, STAT5 was activated to a lesser extent in a Ba͞F3 clone with a fusion protein containing only the 103-amino acid membrane proximal portion of the EpoR. This truncated version of the EpoR lacks a STAT5 binding site at Tyr-145 but retains a second tyrosine involved in STAT5 binding at position 96 (26, 27) . Ba͞F3 cells expressing the EpoR have been noted to produce ␤-globin in response to erythropoietin (22, 23, 28) . In three separate experiments, the induction of ␤-globin mRNA in response to FK1012, as detected by RNase protection assays, was variable (data not shown). These results are consistent with previous studies showing that clones of Ba͞F3 cells transfected with the EpoR vary in their capacity for erythropoietin-dependent ␤-globin synthesis (42) and that ␤-globin synthesis may require a very narrow range of ligand concentrations (28) .
A single copy of the FKBP12 domain was sufficient to transmit a mitogenic signal, confirming results of previous studies that suggested that dimerization is sufficient for proliferative signaling (20, 24) . The lower level of proliferation in the clones that we evaluated was not due to differences in level of expression (data not shown); however, it may be due to differences in the probability of dimerization in clones expressing one versus three copies of the FKBP12 domain or may in theory be due to the generation of oligomeric complexes that are more efficient in transmitting a mitogenic signal.
The ability to specifically deliver a mitogenic signal to genetically modified cells has potential therapeutic applications for a large number of tissues. Stem cells and progenitors undergo proliferative expansion and differentiation. The application of pharmacologically induced dimerization to stemcell gene therapy will require receptors or other proteins that direct the proliferative expansion of stem cells without loss of differentiation potential. Candidate proteins that may fulfill this role include those that are activated upon homodimerization, such as c-kit (43) or flt-3 (44) . In addition to attempts to exploit these proteins for therapeutic applications, pharmacological dimerization of these molecules provides a new window for examining their biological roles.
We thank S. Schreiber for providing FK1012, J. Prchal for the cDNA encoding the murine EpoR, K. Kaushansky for Ba͞F3 cells, Chris Saris for the STAT5B antibody, and Richard Swank for technical advice. This work was supported by National Institutes of Health Grants 5PO1 HL53750 and 5P30 DK47754. 
